We have discovered 74 far-infrared laser lines pumped by regular and sequence lines of a cw CO 2 laser. The wavelengths range from 49.2 to 708.3 mm. These new lines are to our knowledge the shortest-wavelength far-infrared lines yet observed lasing in hydrazine. Frequency, pump offset, and relative polarization were measured for most of these new lines.
INTRODUCTION
Hydrazine (N 2 H 4 ) is a promising far-infrared (FIR) laser molecule for generating FIR radiation. A total of 75 FIR laser lines have been obtained from hydrazine pumped by CO 2 lasers, most at wavelengths longer than 200 mm, and 6 other lines from hydrazine pumped by a N 2 O laser. 1 Of these, only 14 lines are pumped by the 10R branch of the CO 2 laser.
We report 74 new FIR laser lines from hydrazine, most of them of wavelengths shorter than 200 mm, pumped by regular and nonregular lines of a CO 2 laser. A pair of frequency-stabilized CO 2 lasers was used as standards for heterodyne frequency measurements of 40 of the new laser lines. We also report the relative polarization, relative intensity, and operating pressure for most of these lines, along with the measurements of the pump offset for 61 lines.
EXPERIMENT A. Wavelength Measurements
The pump laser is a 1.5-m-long, cw CO 2 laser with a 171-line͞mm grating for the 9-mm band or a 163-line͞mm grating for the 10-mm band. Exceptional frequency discrimination of the gratings plus the ribbed laser tube permit the operation of the laser on nonregular CO 2 laser lines; regular and nonregular laser lines have powers up to 30 and 11 W, respectively. The FIR laser cavity consists of a rectangular waveguide with the top and bottom walls made of oxygen-free copper 35 mm wide, and the vertical walls are made of window glass 6 mm high. 2 The cavity is 2 m long with gold-coated flat copper mirrors located a few millimeters from each end of the waveguide. The lowest-loss mode has the laser electric field parallel to the metal walls (i.e., horizontal). The pump radiation is focused into the FIR cavity through a 1-mm-diameter hole in the center of the fixed end mirror. The other end mirror is fastened to a micrometer and can be moved longitudinally to tune the cavity into resonance with the FIR laser lines. The cavity thus serves as an interferometer for wavelength measurements. The FIR laser power is coupled out through a movable 5-mm-diameter 45 ± copper mirror inserted into the waveguide perpendicular to the laser axis. By adjusting the position of the coupling mirror, we can maximize the FIR laser power leaving the cavity through a silicon Brewster-angle window in the opposite wall. The FIR laser radiation is focused onto a metal -insulator -metal (MIM) diode used as a detector. We obtained the wavelengths of the new lines by measuring the FIR cavity length change for a change of 10 wavelengths.
B. Frequency Measurements
Two frequency-stabilized CO 2 lasers and a microwave source were used to measure the frequency of the FIR laser line. These, plus the unknown FIR radiation, were mixed on a MIM point contact diode. 3 The beat note, with a typical width of 20 kHz, generated by the MIM diode is amplified and displayed on a spectrum analyzer with a peak-hold feature that records the beat note as the FIR laser is tuned over its gain curve. The center of this recording is then marked with an oscillator, whose frequency is counted. The FIR frequency is then determined by the equation n FIR jn 1 2 n 2 j 6 n beat 6 n mwave ,
where n 1 and n 2 are the CO 2 laser frequencies, n mwave is the frequency of the microwave source, and n FIR is the laser frequency to be measured. n 1 , n 2 , and n mwave are chosen so that 
C. Offset Measurements
To measure the offset between the pump frequency and the center frequency of the CO 2 laser line, a frequencystabilized CO 2 laser set to the same laser line as the pump is mixed with the pump frequency in a MIM diode. The radiation of a few gigahertz from a microwave source is added to the MIM whenever the pump line is a sequence line to make up the difference in frequency between the regular and sequence lines. The MIM diode generates a beat note
where n ref is the frequency of the reference CO 2 laser, n pump is the pump frequency, n mwave is the frequency of the microwave source, and n is the harmonic order generated by the diode. In the case of regular lines the beat note frequency is the pump offset frequency. We can easily determine the sign of the unknown frequency by slightly varying the frequency of the pump laser and the microwave source and noting the relative frequency change of the beat note.
CONCLUSIONS
The 74 new FIR laser lines generated by hydrazine are listed in Table 1 Table 2 lists the frequency measurements in the range 0.6 -5.1 THz (464.3 -58.6 mm). Two of the new lines were in fact doublets: the 113.6-mm line, pumped by 10R͑50͒, and the 125.9-mm line, pumped by 10SR͑11͒.
The great success of hydrazine as a FIR laser molecule is due to its strong absorption band in the 10-mm region, associated with the NH 2 antisymmetric wagging motion of the molecule, 4 and to its fairly large electric dipole moment (1.8 D). 5, 6 One can understand the richness of the rovibrational spectrum by considering the splittings caused by the inversion of the two NH 2 groups and the internal rotation about the N2 2N bond. 7 In conclusion, we have increased the number of hydrazine lines to 155, and more than two thirds of the frequencies of these have now been measured. Thirteen of the new lines were pumped by high -J CO 2 laser lines ͑J . 48͒, and sixteen of them were pumped by either sequence or hot-band laser lines. With these results we conclude that the N 2 H 4 is a very good FIR laser medium not only because of the great number of laser lines produced but also because many of them are strong and at high frequency (l , 200 mm), in contrast with those reported in the earliest works on hydrazine. 1, 8 They will be useful for both atomic and molecular spectroscopy.
